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DEFIIITICBJ OF' SYMBOLS 

T o t a l  ho le  area fo r  admission of a i r  i n t o  t h e  combustor l iner  

Maximum cross-sectional area of the combustor l i ne r  

Hole area f o r  admission of a i r  i n t o  the primary 

Reference Area - Maximum cross-sectional area 
outer housing 

B 1 ow out 

Rate of fue l  f l ou  i n  lb/sec divided by t h e  r a t e  

combustion zone 

of the combustor 

of a i r  f lou i n  lb/sec 

Total 

Total 

T o t a l  

S p c e  

conkbustor i n l e t  pressure, in. Hg 

combustor e x i t  pressure, in. Hg 

pressure drop from the inlet t o  the ex i t  of the combustor 

Heat Release Rate. The nste of l iberat ian of heat energy per unit 
volume of the combustor per un i t  atmosphere i n l e t  pressure i n  
WU/1Qi, FT3, ATM 

Combustor i n l e t  a i r  temperature 

Combustor exit  gas temperature 

Unstable 

Reference Velocity. T h e  a i r  velocity a t  t h e  maximum outer housing 
cross-sectional area, measured a t  i n l e t  temperature and pressure, 
FT /SEC . 
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INTR ODUCT I CN 

1. 
limited or no runuay capabili ty.  
high performance a i r c r a f t  which can take off and land ver t ica l ly  or i n  a short  
distance. 
under the general name of V/STC& (Vertical and Short Take O f f  and Landing) 
a i r c r a f t .  
l i f t  and propulsion f o r  V/STOL aircrrbft presents advantages i n  mechanical 
simplicity and operational s t a b i l i t y  over multi-engine and rotat ing wing 
methods, 
conditions along with a capabili ty f o r  supersonic f l i g h t  and takeoff and 
landing, however, i t  i s  desirable t o  augment the thrust without enlarging the 
engine. Thrus t  m y  be increaeed by conventional afterburning of the hot 
exhaust gases, but there i s  more t o  be gained, and operation is more e f f l c i a t ,  
i f  f u e l  is burned i n  t h e  re la t ive ly  cool fan a i r ,  

There i s  an increasing emphasis on a i r c r a f t  operations from s i t e s  having 
T h i s  trend has created a requirement f o r  a 

Several mechanisms f o r  performing this function have been proposed 

The use of vectored thrudt from a turbofan engine t o  provide both 

If the engine is t o  be suitable  f o r  e f f i c i en t  operation a t  cruise 

2. 
base t h e  design of combustian systems which w i l l  operate e f f ic ien t ly  i n  the fan  
duct of a turbofan engine configured f o r  V/STOL. T h i s  objective i s  t o  be 
accomplished by systematic analysis of the relationship between design fac tors  
and combustion performance parameters i n  the anticipated range of operation 
of such a system. 
experimental combustion system o r  systems t o  meet the general requirements, 
and t e s t s  of a sector of this system. 

The objective of t h i s  program i s  t o  determine principles upon which t o  

The experimental program w i l l  include the design of an 

3 .  
Space Administration under NASA DPR R-121 of 14 February 1964. 
covers the first year 's  work on t h e  program. 

The work on t h i s  program was supported by the National Aeronautics and 
T h i s  report  

c CNCLUSI as 
4. 
first year of the program, the following conclusions can be drawn: 

On t h e  basis of the analyt ical  and experimental research conducted i n  the 

a .  Best use of the space available i n  a typical turbofan engine f o r  
vectored thrust  VTaL requires t h e  use of a combustion system within which the 
cornbustion gases a r e  turned through an angle. 

b. The most logical  form of oombustor t o  perform the above function 
i s  an annular or tubular can type. 

c. The optimum cross-sectional area of a tubular can combustor fo r  low 
pressure loss i n  t h i s  application i s  approximately 6% of the maximum cross- 
sect ional  area of the outer housing. 

d. The optimum combustion efficiency and space heat release r a t e  w i l l  
not  necessarily be reached with t h e  same combustor s ize  a s  t ha t  required f o r  
low pressure l o s s .  

4 
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4 '  

e. The presence of 
for  good combustion, but a 
t h i s  advantage 

swirl 
sma 11 

inducers f o r  primary combustor a i r  is essent ia l  
penalty in pressure l o s s  must be p i d  f o r  

f .  If the proper percentage of the t o t a l  a i r  admission area is devoted 
t o  primary combustion, t h e  t o t a l  a i r  admission area may be made large for  
improved pressure loss characterist ics.  

g. A can type combustion system can be made t o  operate e f f ic ien t ly  
w i t h  low pressure loss  (5 - 6%) in the environment of a fan discharge plenum. 

5. 
following planned project schedule: 

The  recommendations f o r  the second year Of work a r e  incorporated i n  the  

g. Continue t h e  investigation in to  the relationships between combustor 
design and performance i n  a tubular combustion chamber. 

b. E s t a b l i s h  a f i r m  basis f o r  evaluation of this relationship by 
aerodynamic studies. 

c. Continue the development and study of a r igh t  angle combustor f o r  
plenum chamber burning, inoluding the inveatigation of reversed flow combustion 
and staged fuel injection. 

d. Investigate the possible advantages and disadvantages of high 
pressure a i r  s tab i l i sed  combustion both analyt ical ly  and experimentally. 

e. Combine a l l  the  information and analysis accumulated i n  the project 
in to  a coherent presentation of plenum ohamber combustian design principles. 

METHOD OF TEST AND ANALYSIS 

6. 
phases. 
chamber burning, t h e  problems involved, and possible mechanisms f o r  performing 
the combustion. The second was a se r ies  of experiments w i t h  commercial and 
experimental combustion systems i n  which the relationship between combustor 
design and performance and tha t  betueen different  indices of perf ormnce were 
explored. 

The first year's work under t h i s  program consisted essent ia l ly  of two 
The first was an investigation in to  the requirements f o r  plenum 

7. The plenum chamber combustian development undertaken I n  this program 
i s  not confined t o  a 4  specific a i r c ra f t ,  engine, or mission. The first 
problem of the program, therefore, was t o  define t h e  important variables 
within broad limits t o  sa t i s fy  the general requirements of V/STOL operation 
and supersonic f l i g h t .  

5 



8 ,  
the mission requirements for  plenum chamber burning. The combustor operating 
variables were determined from these decisions with an allowance made f o r  
variations from the assumed conditions, 
f ollows: 

Certain assumptions were mde on the powerplant character is t ics  and 

The p r h r y  assumptions were a s  

Engine: Turbofan, s ize  undefined 

a .  Fan Pressure Ratio - 1.6 - 2,2 
b. Fan Bypass Ratio - 100 - 2.0 

Requirements f o r   plan^^ Chamber Burning 

a .  Vertical and Short Takeoff and Landing 

Sea Level - Standard Day 

b. Transonic acceleration t o  Mach 1.2 a t  459000 f t ,  

These requirements a r e  modified by an upper l imitation on combustor discharge 
temperature imposed by the presence of turning louvers fn t h e  exhaust stream, 
and by probable s ize  l imitations of the exhaust nozzle, 

9. 
values selected f o r  study a r e  shown on table 1: 

The variables affect ing plenum chamber combustion and t h e  range of 

TABLE 1 

Combustor I n l e t  Pressure 20 t o  90 i n  Hg 

Combustor I n l e t  Temperature 140'F - 34OoF 

Combustor Reference Velocity 80 - 250 '/set 
Combust or D i  scharge Temperature 2000OF Max 

The en t i r e  range of a l l  the  variables was not necessarily covered i n  each 
t e s t  

10. It i s  a l so  desirable t o  s e t  standards of performance f o r  t h e  combustion 
system. There a r e  cer ta in  "tradeoffs" between some of the performance 
c r i t e r i a ,  however, which will influence the i r  f i n a l  values in a system de- 
s i p e d  for p specific applisatizfi, The f lazt ier :  & t h i s  pzogram is t o  de- 
f b e  t h e  re la t ionship between these variables i n  a well designed system rather  
than t o  set a rb i t ra ry  limits. 
requires that a l l  losses be a t  a minimum. 
must be high over a wide range of fuel  f low,  t h e  space heating r a t e  must be 
high t o  keep reight and volume a t  a minimum, and pressure drop must be parti-  
c u h r l y  low t o  avoid undue losses when t h e  combustor is not i n  use. 

The general application i n  mind however, 
Therefore, the combustion efficiency 

6 
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11. 
thrust  fan v i11  d i f f e r  from that of any other type of a i r  breathing com- 
bustion system, 
be seen in t h e  following l i s t i n g  and i n  the schematic sketch on p la te  1. 

The overall design of a combustor f o r  augmentation of a diverted 

Some character is t ics  which i l l u s t r a t e  t h i s  difference can 

a ,  The i n l e t  pressure and temperature w i l l  be low because of low fan 
pressure r a t i o  compared t o  tha t  of a turbojet  engine main compressor, 

b. There is a limited amount of space available f o r  a large volume 
of a i r  flow because of the necessity of limiting the t h r u s t  vector t o  a 
point forward of the center of gravity. Any constriction f n  overall power- 
plant diameter, especially a s  i n  pod instal la t ion,  f u r t h e r  limits volume, 
The ef fec t  of the limfted space i s  t o  require high reference veloci t ies  
and high space heat re lease ra tes  (energy/per unit volume), 

c. The dfversion of the a i r  f lou through two changers i n  direction 
cauaes asymmetry i n  the velocity prof i le  vhich makes a uniform temperature 
di str i but i on dif  f f cul t t o  a chi ev e.  

d o  There i s  a wide range of ruel PlCTv I.eqafru& T k e  del icate  can- 
t r o l  required f o r  VTGL and hover and the changes in l i f t  required wi th  
chaaging load create a need f o r  thrust variation over a wide range, 
economy, operation should be ef f ic ien t  over the en t i re  range, 

For 

e,  The pressure drop must be very lowo A cer tain degree of pres- 
sure loss must be expected f o r  e f f i c i en t  combustion, but t h e  f a c t  that 
this burner may be used only during a small per t  of the f l i g h t  makes the 
smallest extra loss wasteful. 

f ,  Igni t ion and re l igh t  of t h e  burner must be extremely re l iab le  
because of the c r i t i c a l  nature of VTOL and hover, 

12, 
design t h e  combustion system t o  u t i l i z e  a s  much of t h e  available volume a s  
possible. 
lems i n  maximum volume u t i l iga t ion  outueigh t h e  advantages or where a 
spec i f ic  appl$cation allows suff ic ient  space t o  permit a choice, 
reason, it wae decided t o  cover a t  l e a s t  tuo extremes f n  t h f s  program, 

Because of the Limitations of space, it uuuld appear desirable t o  

T h i s  requirement can be modified, houever, where the extra prob- 

For this 

13. 
A s  seen i n  p la te  1, the available space consists of an annular chamber a t  the 
fan exi t ,  followed by diversion of the flow t o  two essent ia l ly  cylindrical  
ducts directed away from t h e  &ngine. 
A combustion system could be designed a s  shown i n  plate  2 t o  i n i t i a t e  com- 
bustion in the  annulus and continue i n t o  the ex i t  duct. 
this design a r e  t h e  high a i r  velocity due t o  limited space a v a f h b l e  f o r  dif- 
fusion from t h e  fan e x i t  velocity, t h e  necessity f o r  turning the high tempera- 
ture prilsary combustion gases, and the complexity of t h e  l iners ,  
several  possible modifications t o  this design concept which may tend t o  
temper these problems. 
gated i n  t h e  experimental program. 

One case t o  be considered i s  the one of mxfmum space ut f l iaa t ion .  

These ere follnved by the svivel nozzz?es, 

The drawbacks t o  

There a r e  

Any of these which appear pract ical  w i l l  be h v e s t f -  

7 
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14. The other general case t o  
which is contained en t i re ly  i n  a 
t o  the engine. T h i s  system rill 

be covered i s  the uae of a combustion system 
circular cross section duct a t  some angle 
a l lou  t h e  use of eas i ly  fabricated and 

maintained liners and other components. 
r e l a t ive ly  lou and t h e  bot gases rlll be turned only in the exhauet duct when 
t h e i r  temperature is lowest. T h i s  type o f  combustion system appears t o  be 
superior, but the advantage is merely academic if a specif ic  airframe does 
not have suff ic ient  r ad ia l  space, Attainment of a very high space heating 
r a t e  would be favorable i n  this case. 
t ions f o r  a straight-through burner if a can type combustor is used, 
a r e  i l l u s t r a t e d  on pla te  2. The poor diluent a i r  penetration of t h e  large 
single combustor a s  compared t o  that of the  annular or nrultfp1.e can type 
makes it appear unsuitable. The lat ter types a r e  also bet te r  f o r  tes t ing 
as sectors  or single cans i n  a spell test r ig .  

The reference velocity w i l l  be 

There a r e  several specif ic  configura- 
These 

15. Another major choice t o  be made is between can type structure and 
flameholders, 
possible w i t h  the former, as well as the control of a i r  admission t o  the 
combustion zone, a r e  i n  i t s  favor. 
drop a t  high velocity. 
e f f i c i en t  combustion a t  high velocit ies,  a l so  pays a penalty in pressure 
drqp ag re11 a s  i n  mix ing  distance. Another a l ternat ive is t h e  "aerodynamic" 
flameholder i n  which t h e  flame is supported by j e t s  of hot high pressure a i r .  
T h i s  technique has the advantage af low pressure drop--especially rhea the 
combustor is not operating. The experimental work of the first year uas 
confined t o  mn type combustors, u i t h  the ultimate in t en t  of showing the 
lowest pressure drops vhich can be achieved v i th  good combustion a t  the 
expected reference velocity,  

The shorter length and more uniform exhaust temperature 

The major drawback is t h e  high pressure 
A typical flameholder, uhile capable of supporting 

16. 
of a tubular combustion chamber fo r  a systematic investigation of the e f fec ts  
of system design OR combustion performance and pressure drop i n  the range of 
operation anticipated f o r  VTCL 
p la t e  3 0  I n  addition t o  t h e  work on experimental combustors, tests were made 
of two commercial combustor8 with the same range of operating variables. 
Variations in combustor s i ze  and a i r  admission hole sizep shape, and d i s t r i -  
bution a r e  being studied experimentally, 
one duplex fue l  cozzle and one design of ignit ion system, 

The i n i t i a l  e f f o r t  h the experimental phase was the constructions 

A sketch of this combustor is shown an 

I n i t i a l  t e s t s  cal led f o r  the use of 

17, 
is supplied by the laboratory campressed a i r  system through a combustion 
heat exchanger and exhausted t o  the laboratory exhauster system, 
is supplied by t h e  compressor bleed from a J57 je t  engine and exhausts t o  
the a tmosphere - 

Combustor t e s t s  were made in tvo separate combustion t e s t  r igs .  One 

The other 

18. 
nine t o t a l  pressure probes i n t h r e e  rakes and three iron-constantan thermo- 
couples i n  one rake, a l l  a t  centers of equal areas, plus two wall s t a t f c  
kips. 

Instrumentation a t  t h e  combustor i n l e t  plane f o r  both r i g s  comprised 

A t  t h e  ex i t  plane there were three t o t a l  pressure probes i n  one rake 

8 



I. 
I 
I 
I 
I 
I 

I 
I 
I 
I 

i 

and twelve thermocouples of chromel-alumel or platinum-platin8a rhodium 
i n  four rakes, as well a s  two wall pressure taps. 
s ta t ions  of wall s t a t i c  pressure measurement. A i r  flow was measured by 
sharp-edged or i f ices  and fue l  f lou  was measured by turbine type elements and 
by rotameters 

There were t~ intermediate 

19. 
a t a r t  wi th  a combustor of essentially standard current design and t o  mke 
incremental changes i n  this design, 
approach toward the combined pressure drop and combuslim performance de- 
s i red ,  In addition t o  shouing progress toward an acceptable desrign, this 
par t  of t h e  program should produce information useful fn showing what re- 
lationships and "tradeoffs" can be expected between the important parameters 
a t  d i f fe ren t  operating conditions and i n  showing the progressive effect  of 
sys t emt i c  design changes on performance, 

The purpose of the ser ies  of designs tes ted under t h i s  program was t o  

These changes i l l u s t r a t e  a stepwise 

20, 
tes ted under t h e  first year 's  program. 
dimensions of t h e  combustors. 
designed t o  operate w i t h i n  the  capabili t ies of the labomtory a i r  system 
and t o  enable changes i n  configuration without complete redesign, 
burner was operated w i t h  two different housings, designated as  lA and LB, 
t o  study the effect  of AL/AR changes, It was also  operated w i t h  the diluent 
a i r  admission qection removed and replaced by deflectors t o  JU?LX combustion 
gases and dfluent a i r ,  T h i s  last change was a rough approximation of a more 
streamlined mixer t o  see i f  sufficient mixing could be obtained by this 
method with lower pressure dropo The i n i t i a l  version of bul.aaer 4s ideDtical 
i n  a i r  admiasion design t o  No, 1, was designed t o  explore f u r t h e r  t h e  e f fec t  
of changes i n  AL/AR on burner pressure drop and combustion performance, 
T h i s  design was followed by a ser ies  of six changes ~ y 3  t h e  primary zone swirl 
inducing section t o  optimize combustion efficiency acd t o  study the e f fec t  of 
small changes i n  this area on a i r  flow distribution and eombustor performance, 
Also, from 4Ag modification 5A vas made t o  compare w i t h  burner lxlb on the 
basis of t h e  change in AL/ARo 
Burner 4J3 was made t o  extend t h e  curve of variation i n  performance of the 
basic burner design w i t h  AL/AR changeso 
di luent  air admission area was made t o  learn w h a t  effect  t h i s  would have on 
dis t r ibu t ion  of a i r  between primary and secondary sections and its relation- 
ship w i t h  pressure drop and combustfon performance, 

P la te  4 is a schematic presentation of the various combustian chambers 
Table 2 lists some of the physical 

CQnfiguration No, 1 was a tubular combustor 

T h i s  

Tests on t h i s  combustor have not been completed, 

In burner 4Bl a change in t h e  

21, 
space i n  t h e  fan discharge duct,. 

primary cpbustfon zones allows investigation of fuel  staging a s  a means of 
achieving a wide range of fuel /a i r  r a t io s  wi th  e f f ic ien t  combustion, 
combustor Mas specifically designed t o  operate e f f ic ien t ly  above 200 f t / s ec  
reference velocity,  

Configuration MC-1 was designed t o  provide meaxfmuna u t i l h a t f o n  of' 
I t  a l so  incorporates a second fue l  inject ion 

pciot ubfch rey;,-sser;ts 6 revei.3~ f l G y  ~ ~ & ~ s t ~ r ,  of S e p i T B i e  

T h i s  
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ANALYSIS OF RESULTS AND DISCUSSI(3J 

22. 
designs, 
and combustion performnce. 
a function of reference velocity f o r  t h e  non-burning condition. 
plates  show the performance of a ser ies  of designs which vere run t o  show the 
effect  of a specif ic  design change. 

Plates  5 through 25 show the resu l t s  of t e s t s  on the various combustor 
These r e su l t s  a r e  presented in terms of combustor pressure drop 

Plates  5 through 11 show the pressure drop a s  
Each of these 

23. 
a i r  admission hole area and e x i t  area, but wi th  different  r a t io s  of l i ne r  
t o  reference area (AL/AR). 
i s  more than 2 t o  1. The trend is toward lower pressure drop f o r  lower 
values of AL/AR except f o r  the lowest one, which shows an increase with 
this prameter .  Plate  6 shows the same type of curves f o r  four l i ne r s  with 
a different  a i r  admission area. The resul ts  a r e  similar.  

Plate  5 gives a comparison of f o u r  combustion systems havhg the same 

The range of pressure drop among the four designs 

24. 
5 and 6 i s  given an pla te  12. There i s  a minimum i n  t h e  pressure drop para- 
meter f o r  both s e t s  of l i ne r s  a t  a l i ne r  t o  reference area r a t i o  of approxi- 
mately 0.6. 
a minimum AP/P a t  a lower value of A L / A ~ .  There a r e  insuff ic ient  data points, 
however, t o  define this clearly.  

A cross-plot a t  150 f t / s ec  reference velocity of the data on plates  

The combustors w i t h  the larger a i r  admission area appear t o  reach 

25. 
combustors vhich vere ident ical  except fo r  a progressive change i n  s v i r l  s l o t  
area. 
v i th  combustors of the highest and lowest a i r  admission areas giving the 
lowest and highest pressure drop, respectively. 
w i t h  plate  8, i n  vhich the diluent a i r  admission area vas changed t o  show the 
overall e f f ec t  of hole area change. 

P l a t e  7 is a comprison of t h e  pressure drop character is t ics  f o r  four 

Above 150 f t / sec  reference velocity there i s  a divergence of the curves9 

T h i s  plate can be combined 

26. 
r a t i o  is shown on plate  9. 
s v i r l  vanes i s  within the error  of the measurement. The burner vfth no 
s v i r l e r s  has a s ignif icant ly  lower pressure drop. The improved combustion 
performance w i t h  swirlers, t o  be discussed la te r ,  i s  apparently obtained a t  
the cost of a small increase i n  pressure drop. 

The e f f ec t  of change in design pr imry a i r  s v i r l  s l o t s  on pressure drop 
The difference between the two configurations of 

27. P la te  10 i l l u s t r a t e s  t h e  pressure drop character is t ics  of the com- 
bustors v i t h  the highest and lowest pressure loss studied i n  the program t o  
date. Combustion efficiency data vi11 show tha t  the burner w i t h  the higher 
pressure drop does not necessarily have the bet ter  combustion perf ormnce 
Pla te  11 gives the pressure l o s s  r e su l t s  f o r  combustors J79 and FfAC-l0 

28. The e f fec t  of t o t a l  a i r  admissinn hole area on cold f low pressure loss 
w i t h  constant l iner  t o  reference area r a t io  i s  shown on plate  13 fo r  three 
veloci t ies .  Although, a s  might be expected, there i s  8 decrease i n  pressure 
loss v i th  increasing A&R, there i s  evidence, a s  seen on plate 12, tha t  this 
trend i s  eliminated or reversed a t  higher values of A L / A ~ .  
probably due t o  overwhelming influence on t o t a l  pressure l o s s  of the pressure 
loss  in the annular a i r  space, wi th  high blockage design. 

T h i s  effect  fs 
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29. 
combustion. 
against  temperature r a t i o  across the combustor. 
the combustors, and no significant differences i n  the trends for  the various 
combustors were noted. 

The pressure losses of t h e  various combustors were a l so  measured during 

The curves a r e  typical of a l l  
P la te  14 shows data f o r  a combustor w i t h  the pressure drop plotted 

30. 
a function of fue l  t o  a i r  r a t i o  fo r  the various combustors studied. There 
a r e  curves f o r  approximately 100 and 125 ft /sec reference velocity and f o r  the 
highest velocity where data a r e  available. The performance f o r  the i n i t i a l  
combustor of t h e  experimental se r ies  i s  shown on p l a t e  15, along wi th  t ha t  
f o r  a commercial tubular gas turbine combustor. The operation w i t h  these 
combustors was limited t o  125 f t / sec  o r  lower. The experimental combustor 
was not intended t o  duplicate or  improve upon the performance of the com- 
mercial l i ne r  but was designed a s  a vehicle t o  show the effect  of changes 
i n  design. Each of these two combustors was tes ted w i t h  two s izes  of outer 
housing t o  show t h e  e f fec t  of variation i n  t h e  r a t i o  of l iner  cross section 
area t o  housing reference cross section area. The change i n  this parameter 
had a marked ef fec t  on burner pressure loss a s  discussed ear l ie r ,  but only 
a small ef fec t  on combustian efficiency a s  can be seen on plate  15. As 
AL/AR i s  increased, t h e  combustion efficiency of combustor No. 1 decreases 
while  that of No. 3 increases s l ight ly .  T h i s  difference i n  response t o  area 
change m y  be due t o  the differences between t h e  combustors i n  a i r  admission 
hole area and i n  ax ia l  dis t r ibut ion of hole area. 

Plates  15 through 24 show the combustion efficiency and s t a b i l i t y  a s  

31. 
respects except f o r  p r i m r y  swirl area. 
bustors was similar t o  that  of No. U, except f o r  a reduction i n  cross 
section area t o  achieve the o p t i m  AL/AH r a t i o  f o r  low pressure loss, 
the  percentage of area i n  the primary zone i s  increased, i n  the range tested, 
the overall combustion efficiency appears t o  deteriorate,  although the r i c h  
s t a b i l i t y  limit generally improves. It i s  a p p r e n t  that  there i s  an excess 
of a i r  i n  the primary zone w i t h  the larger swirl s l u t s ,  
s tant ia ted by the re la t ive  improvement i n  combustion efficiency w i t h  the 
largest  swirl s l o t s  a t  high fue l /a i r  ratios.  

The p lo ts  on p la te  16 a re  f o r  combustors which were a l ike  i n  a l l  
The overall design of these com- 

As 

T h i s  effect  i s  sub- 

32. 
of primary a i r  swirlers on combustian efficiency. 
were compared fo r  pressure loss on plate  9. 
swirlers i n  combustor 4A5 wifih the same free area as the open s l o t s  i n  4AA 
def in i te ly  improves t h e  combustion efficiency and s t ab i l i t y .  
ment i s  due t o  the improved mixing and longer residence time caused by the 
vortex created by the swirlers. 

The comparison of combustors 4 5  and 4AA on plate  17 shows the e f fec t  
The t u o  combustors shown 

It i s  seen that  t h e  use of 

This improve- 

33. 
Configuration @1 waa made t o  approximate t h e  swirler design and the per- 
centage of area i n  the primary zone of No. 4, but w i t h  an increase i n  the 
t o t a l  a i r  admission area t o  reduce pressure drop. The curves show the com- 
bustion performance was improved. Plates  5 and 6 show the decrease i n  
pressure drop. 

Also  shown an pla te  17 i s  the performance f o r  combustors 4A and 01. 
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34. 
area of 01, but a snraller percentage of a i r  in t h e  primary zone and a louer 
r a t i o  of liner t o  reference area. The effect  of this change vas t o  lower 
t h e  combustian efficiency. Apparently t o o  l i t t l e  a i r  was introduced i n t o  
t h e  primary because of the smaller primary holes and the louer resistance 
t o  a i r  flow touard the dounstream holes. The percentage of a i r  entry holes 
i n  the primary uas then increased t o  tha t  of &1 i n  combustor 4B2 (plate 18) 
by decreasing the diluent area. 
uas expected. 

Burner a, shoun on plate  18, had t h e  large overall a i r  admission 

The cambustian performance improved, a s  

35. The performnce of remaining burners i s  shown on pla te  18. The 579 
represents a modern high performance jet  engine combustor operated in the 
range of fan a i r  burning, f o r  comparison with t h e  experimental combustors. 
Cambus$br RAC-1 is  the f irst  model of a combustor specif ical ly  designed t o  
operatd under t h e  conditions expected In a fan plenum of an engine can- 
figured f o r  VTC&. 
high reference veloci t ies .  

T h i s  i n i t i a l  design shows the expected improvement a t  

36. 
reference velocity using t h e  values obtained a t  a f u e l l a i r  r a t i o  of 0,015. 
This re la t ive ly  low fuel /a i r  r a t i o  a s  selected so that all the  combustors 
could be compared on t he  same basis. 
show that there i s  a ahorp drop-off in efficiency above 125 f t / s ec  f o r  a11 
the burners exceptR6C-1. This r e su l t  uas expected as they uere volume 
limited f o r  operation a t  higher velocities, as vel1 a s  possibly incorporat- 
ing design features unsuitable f o r  such operation. 
bustors were made -11 so t ha t  they wuuld be sensit ive t o  small changes 
in design a t  the higher veloci t ies  and uould enable a determination of t h e  
limiting prac t ica l  she .  
f t / s ec  uere previously discussed. 
these curves i s  t h e  e f fec t  of pressure, and the var ia t iaas  fn performance 
a t  other veloci t ies .  In general the effect  of pressure difference betueen 
60 and 90 inches of mercury y18 small, especially a t  lover velocit ies,  
where there uere no appreciable differences. 
ve loc i t ies  up t o  200 f t /sec show t h e  same trend betueen burner designs seen 
a t  125 ft/bec. 
than t h e  others a t  the higher velocit ies,  a s  indicated ea r l i e r ,  

The combustian efficiency of t h e  various burners was plotted against  

The p lo ts  (plates 19 thrcsugh 22) 

The experimental coa- 

The relatianships of t h e  burners a t  100 a& 125 
Additional information t o  be gained from 

The data a t  reference 

Combustor No. U C - 1  has significantly be t te r  performance 

37. 
formance previously discussed h s  been summPriaed an plates  23 and 24. 
Pla te  23 show t h e  effect  of primary hole area an cornbustion efficiency w i t h  
other parameters held constant. The optimum value fo r  this se r i e s  appears 
t o  be 15% or less of t h e  t o t a l  hole area i n  t h e  primary zone, 
in performance with larger  amounts is more severe at high veloci t ies ,  
i s  a need t o  extend this curve t o  lover values of primary area t o  complete 
t h e  analyses. 
s u i r l e r  designs and other r a t i o s  of t o t a l  hole area t o  reference area. 

Some of the  information gained f r o m  the plots  of combustion per- 

The decrease 
There 

I n  addition, the relationship should be checked wi th  other 
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38, Pla te  24 shows the e f fec t  of blockage (AL/AR) on efficiency when the 
percentage of a i r  admission area h the primary gone is held constant. 
i s  a small but canthuous improvement as AL/AR decreases, On t h e  basis of 
these r e su l t s  and t h e  curves on pla te  12, it would appear that, f o r  a given 
burner design, t h e  lowest pressure drop and the best performance cannot be 
had a t  a given r a t i o  of AL/AR. A high overall performnceg however, should 
make t h e  combustion efficiency insensit ive t o  t h i s  parameter. 

39. 
r a t i o  a t  125 f t /sec f o r  three combustors of different  design. 
value was achieved by burner 1$1, which also had t h e  lowest pressure drop 
and t h e  highest combustion efficiency a t  t h i s  velocity. 

There 

P la te  25 shows t h e  variation i n  space h e a t  release r a t e  wi th  fuel /a i r  
The highest 
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